The objective of the study was to elucidate the depth distribution and community composition of Archaea in a temperate acidic forest soil. Numbers of Archaea and Bacteria were measured in the upper 18 cm of the soil, and soil cores were sampled on two separate occasions using quantitative PCR targeting 16S rRNA genes.
Introduction
Crenarchaeota are widely distributed in marine and terrestrial habitats (e.g. Hershberger et al., 1996) . Since the mid1990s, gene-marker studies have provided increasing evidence of a huge diversity of Crenarchaeota in various aquatic and terrestrial environments with moderate pH and temperature (e.g. Fuhrman et al., 1992; Jurgens et al., 1997; DeLong, 1998; Pesaro & Widmer, 2002) . Thus far, the only isolate affiliated with mesophilic Crenarchaeota is an autotrophic ammonia oxidizer from a marine aquarium ('Nitrosopumilus maritimus' candidatus; Könneke et al., 2005) . It possesses ammonia monooxygenase and its encoding genes amoA, amoB, and amoC. A recent study demonstrated a broad diversity of archaeal amoA gene-like sequences in marine environments (Francis et al., 2005) , suggesting that marine Crenarchaeota are involved in nitrification. Crenarchaeota with amoA gene-like sequences are also present in soils, as shown by a metagenomic approach (Treusch et al., 2005) . A mesophilic member of Crenarchaeota was found to be associated with a marine sponge and this microorganism also has genes for the ammonia monooxygenase ('Cenarchaeum symbiosum'; Preston et al., 1996; Hallam et al., 2006) . However, Crenarchaeota most probably also exhibit other phenotypes. In water from a Japanese gold mine, metagenomic analysis revealed two deeply branching crenarchaeotal genome fragments (HWCG I and III), of which one may code for an aerobic carbon monoxide dehydrogenase (Nunoura et al., 2005) . Almost all crenarchaeotal isolates belong to the Thermoprotei, the only exception being the recently isolated 'N. maritimus' and 'C. symbiosum', detected by molecular techniques. Constituents of Thermoprotei are acidophilic and thermophilic heterotrophs (Reysenbach, 2001) .
Crenarchaeota have been detected in various terrestrial environments. Based on 16S rRNA gene surveys, the phylogenetic groups I.1b and I.1c seem to be dominant in soils (Jurgens et al., 1997; Pesaro & Widmer, 2002) . Groups I.1b and I.1c were also detected in a glacier foreland soil using denaturing gradient gel electrophoresis (DGGE) (Nicol et al., 2005) . In several other soils Group I.1b was found to be dominant using single strand conformation polymorphism (SSCP) analysis and cloning (Sliwinski & Goodman, 2004) . Despite the frequent detection of 16S rRNA genes of mesophilic Crenarchaeota in soils, there are only a few studies providing quantitative data on the abundance of these organisms in soils. Using FISH Sandaa et al. (1999) detected 1.3%, and using rRNA blot hybridization Buckley et al. (1998) detected 1.4% Crenarchaeota in soil samples. Ochsenreiter et al. (2003) used quantitative PCR and found that o 3% of the total prokaryotic community were Crenarchaeota in the investigated aerated soil. As yet, there is little information on the distribution and abundances of Crenarchaeota in soils. Thus, the objective of our study was to quantify and identify the Crenarchaeota in an acidic forest soil.
Materials and methods

Study site and sampling
Soil cores (length 20 cm, diameter 6 cm) were taken in June and July 2002 in a mixed deciduous forest near Marburg (N 50149 0 , E 8148 0 ) and processed immediately. The soil was a loamy sand with a pH of 3.8-4.3 and has been described previously (Henckel et al., 2000) . After removal of the humus layer, the cores were sectioned down to 18-cm depth, and then sieved (2-mm mesh size) and manually homogenized. Slices of 2-and 3-cm thickness were prepared in June and July 2002, respectively. Soil samples were stored frozen at À 20 1C.
Ammonium and nitrate concentrations
Aliquots (2.5 g) of the above-described soil samples were mixed with 25 mL of 1 M KCl solution, and ammonium was extracted for 1 h at 4 1C on a rotary shaker (135 r.p.m.). Ammonium concentration was analysed in 2 mL of the extract after centrifugation (10 min, 21 900 g, 4 1C with centrifuge 5417 R, Eppendorf, Hamburg) and filtration (0.2-mm pore size, Schleicher and Schuell GmbH, Dassel) using the colorimetric assay described by Kandeler & Gerber (1988) . Nitrate was measured on an ion chromatograph with a conductivity and UV (220 nm) detector (Bak et al., 1991) .
Nucleic acid analyses
DNA extraction and purification was performed in three replicates using a FastDNA Spin Kit (Bio 101, La Jolla, CA). DNA was extracted and purified from 0.5-g-fresh-weight samples of soil as described by Kolb et al. (2003) , using bead beating and SDS-based lysis followed by purification with a silica matrix-assisted procedure.
The abundances of the 16S rRNA genes of Archaea and Bacteria were quantified by measuring each DNA extract three times by quantitative kinetic PCR (qPCR) using an iCycler IQ thermocycler (BioRad Laboratories GmbH, München) according to Kolb et al. (2003) . The assay for Archaea was as described by Kemnitz et al. (2005) using the primer combination A364aF (5 0 -CGG GGY GCA SCA GGC GCG AA-3 0 ) and A934b (5 0 -GTG CTC CCC CGC CAA TTC CT-3 0 ). Amplicons were detected with SybrGreen (Molecular Probes). A four-step thermoprofile was applied: denaturation of DNA (35 s at 94 1C), annealing of primers (30 s at 66 1C), elongation (45 s at 72 1C), and fluorescence data acquisition during an additional temperature step (10 s at 86.5 1C). The latter temperature was above the melting point of primer dimers and was verified by melting-curve analysis (data not shown). Cloned archaeal 16S rRNA genes were used as a gene number standard for calibration. The assay for the detection of Bacteria was as described by Stubner (2002) applying the primer pair 519f c (5 0 -CAG CMG CCG CGG TAA NWC-3 0 ) and 907r (5 0 -CCG TCA ATT CMT TTR AGT T-3 0 ), and using chromosomal DNA of Escherichia coli (Roche Diagnostics GmbH) as standard for calibration.
PCR for terminal restriction fragment length polymorphism (T-RFLP) analysis was performed using the primers A364aF und A934b used for qPCR of Archaea. The PCR was performed at 30 cycles with a GeneAmp 9700 Thermocycler (Applied Biosystems). The reverse primer A934b was covalently labelled with carboxyfluorescein (FAM) at the 5 0 hydroxyl group of the terminal nucleotide. Restriction digestion was performed in a total volume of 10 mL containing 30-50 ng of purified amplicon with 10 U of TaqI (Promega) and 1 mL of the incubation buffer (Promega) for 3 h at 65 1C. The fragments obtained were mixed with an internal lane standard and analysed by polyacrylamide gel electrophoresis as previously described (Chin et al., 1999) . In addition, terminal restriction fragment (T-RF) fingerprints were retrieved from digested PCR products using primers A364aF and A934b with the forward primer covalently labelled with FAM.
Clone libraries were constructed from the PCR products obtained from soil sections at 0-6 and 12-18 cm depth using the primer pair A364aF/A934b. In addition, clones were obtained from PCR product obtained from the soil section at 0-6 cm depth using the primer combination A109f and A934b. Details of the PCR conditions and the description of cloning and sequencing procedures are as described by Kemnitz et al. (2004) . Retrieved 16S rRNA gene sequences were deposited at the European Molecular Biology Laboratory database with accession numbers AM291981-AM292027.
Phylogenetic analysis
Retrieved clone and reference sequences were aligned using ARB release Beta 030822 (Ludwig et al., 2004) . A 50%-base frequency filter was calculated, resulting in 504 usable positions for tree calculations. The analysed fragment of the 16S rRNA genes was located between position 344 and 934 in relation to the Escherichia coli 16S rRNA gene. Aligned clone and reference sequences were used for tree reconstruction through AXML (Ludwig et al., 2004) . The tree topology was confirmed by neighbour joining and parsimony (PHYLIP software, implemented in ARB (Felsenstein, 1989) .
T-RFs were assigned to clone sequences by applying the ARB-implementable tool TRFCUT (Ricke et al., 2005) . The nomenclature of taxa in the tree was based on the classification detailed by DeLong (1998). The groups A, B, C, D, E detected in soils by Pesaro & Widmer (2002) could not be included in the tree, because the partial sequences of these clones start at E. coli position 915 and end at position 1407.
Results
Archaea and Bacteria were quantified at various soil depths by 16S rRNA gene-targeted quantitative PCR (qPCR) using soil cores from two different points in time (Fig. 1) . For better comparison, data were combined from 2-cm-thick (June 2002) and 3-cm-thick (July 2002) soil slices. Therefore, average and SE values of all single values of a virtual 6-cm layer were calculated. The ammonium and nitrate concentrations in these soil layers are shown in Table 1 . Maximum numbers of archaeal 16S rRNA genes per gram of dry soil were found in the upper soil layer (0-6 cm), and were (0.6 AE 0.1) Â 10 8 in the core from June and (3.8 AE 0.8) Â 10 8 in the core from July (Fig. 1 , numbers from July 2002). The ratio of Archaea 16S rRNA genes to the total of both Bacteria and Archaea increased with soil depth from 12% to 38% (Fig. 1) . Hence, Archaea constituted a large proportion of the prokaryotic community.
The diversity of Archaea in the soil core from July 2002 was investigated by comparative sequence analysis of 16S rRNA gene clones and T-RFLP analysis using the same PCR assay as for qPCR. An additional clone library was constructed using the primer combination A109f/A934b, in order to obtain longer sequences. However, this primer combination also resulted in the retrieval of some bacterial 16S rRNA gene sequences. Indeed, the 'Probe_Match tool' in ARB showed that primer A109f can also bind to genes affiliated with Gram-positive bacteria. On the other hand, using primer A364aF did not result in the retrieval of bacterial genes (Fig. 2) . Thus, the primer pair A364aF/ A934b is more specific for Archaea than is A109f/A934b. Most of the archaeal 16S rRNA gene sequences were affiliated with Crenarchaeota Group I.1c and Group I.1b. One 16S rRNA gene sequence clustered with sequences reported as 'I.1c associated' by Nicol et al. (2005) , and is here designated as Group I.1d. In addition, Thermoplasmales-affiliated genes were found (Fig. 2) .
T-RFLP patterns obtained with the labelled reverse primer A934b were dominated by four peaks (Table 2) . One (447 bp) was assigned to Euryarchaeota (Thermoplasmales relatives; Fig. 2 ). The other three corresponded to T-RFs with lengths of 83, 185 and 218 bp. These T-RFs were assigned to Crenarchaeota of Group 1.1b and Group 1.1c (Fig. 2) . T-RFLP with the labelled reverse primer did not allow differentiation between Group 1.1b and Group 1.1c, because the dominating T-RF (185 bp) included both groups. In silico evaluation of crenarchaeotal sequences with TRFCUT (Ricke et al., 2005) showed that application of a labelled forward primer in combination with TaqI restriction might result in the separation of groups I.1b and I.1c into different T-RFs. Subsequent T-RFLP analysis with the labelled forward primer supported the results from the clone libraries and confirmed that Group I.1c (T-RF 157 bp, Table  3 ) was the predominant phylotype. Based on both T-RFLP analyses, the relative contribution of Crenarchaeota to the total detectable Archaea ranged between 85% and 92%, while the ratio of Group I.1c made up 85% of all detectable T-RFs (Tables 2 and 3 ). Fig. 2 . Phylogenetic affiliation of 16S rRNA gene sequences from clone libraries of the core from July 2002 and corresponding assignment of T-RFs from same core using the labelled reverse primer 934b. A109: sequences from a clone library constructed with primer pair A109f/A934b (depth 0-6 cm). A364I: sequences from a clone library constructed with primer pair A364aF/A934b from 12 to 18 cm. A364II: sequences from a clone library constructed with primer pair A364aF/A934b from 0 to 6 cm. In parentheses, hypothetical T-RF determined with TRFCUT with reverse primer labelled (A934b) and cut by TaqI. The tree was calculated applying AXML with a 50% base frequency filter (504 positions). In total, 49 clone inserts were sequenced. Arrows indicate nodes confirmed by neighbour-joining and parsimony algorithms with the same filter and dataset. The scale bar represents 0.1 changes per position.
Discussion
16S rRNA gene sequence and T-RFLP analysis showed that Group I.1c Crenarchaeota occurred at high abundance in an acidic forest soil. The high abundance of Archaea is a robust result, since quantitative PCR, cloning and T-RFLP analysis were all performed using the same primers. Furthermore, the T-RFLP assay of Archaea has previously been shown to quantify the relative abundance of individual T-RF well (Lueders & Friedrich, 2003) , so that we may conclude that crenarchaeotal Group I.1c represented most of the Archaea. This observation could be reproduced, because similar results were obtained with soil sampled on two distinct occasions. The relative abundance of Group I.1c Crenarchaeota (average of about 29% of all prokaryotes) was much higher in the Marburg acidic forest soil than in the sandy meadow soil studied by Ochsenreiter et al. (2003) , where significant but rather small amounts of Group I Crenarchaeota (o3%) were detected. However, the abundance of Archaea detected in the Marburg soil is not without precedence for environmental samples. Thus, in anaerobic sludge samples a portion of 50% of detectable prokaryotic cells have been affiliated to Crenarchaeota using FISH (Collins et al., 2005) . In these sludges, Group I.3 was the predominant group detected. In ocean water, Archaea also contribute a large percentage (up to 39%) to the picoplankton (Karner et al., 2001; DeLong, 2003) . Many of the marine Archaea belong to Group I.1a Crenarchaeota, of which the recently isolated 'Nitrosopumilus maritima' is a member (Könneke et al., 2005) Our results indicate that Group I.1c Crenarchaeota likewise may play a crucial functional role in forest soils because of their high abundance. This finding is in accordance with previous studies that also detected Group I.1c-related sequences as a frequent phylotype in their clone libraries from soils (e.g. Jurgens et al., 1997) . However, what function they play is currently unknown. The same is true for Group I.1b Crenarchaeota and for the Thermoplasmales-related genotypes, which were also detected in the forest soil. Pesaro & Widmer (2002) previously detected Thermoplasmales-related Euryarchaeota in a temperate soil. Thermoplasmalesrelated species have generally been described as thermophilic organisms. However, our findings and those of Pesaro & Widmer (2002) support the hypothesis that Thermoplasmales-related Archaea are also mesophiles. This assumption is supported by the detection of other Thermoplasmalesrelated Archaea (Rice Cluster III) in an anoxic soil, an enrichment culture that grew optimally at moderate temperatures (Kemnitz et al., 2005) .
In the Marburg forest soil, the ratio of Archaea increased with soil depth, but absolute abundance decreased. Concentrations of ammonium and nitrate also decreased with soil depth and were very low below 6-cm depth. Although Group I.1c Crenarchaeota may be involved in nitrification in the upper soil layers (as found for marine Crenarchaeota), we do not believe that this is a likely function in the deeper soil layers. In general, the kind of metabolism that these Crenachaeota exhibit is presently speculative. Besides nitrification, it seems reasonable to assume that they might have The reverse primer was FAM-labelled, and TaqI was used for restriction. Lengths of T-RFs are given in base pairs (bp), and T-RFs 83 and 218 bp ( = Group I.1c) and 185 ( = Group I.1b and Group I.1c) are indicative of Crenarchaeota. T-RF 447 bp represents Thermoplasmales-related organisms (Euryarchaeota). All values are percentages of total detectable archaeal T-RFs. ND, not detected. The forward primer was FAM-labelled, and TaqI was used for restriction. Lengths of T-RFs are given in base pairs (bp), and T-RFs 157 ( = Group I.1c) and 291 bp ( = Group I.1b) are indicative of Crenarchaeota. T-RF 87 bp represents Euryarchaeota. All values are percentages of total detectable archaeal T-RFs. ND, not detected.
a heterotrophic phenotype. This assumption is supported by recent publications that have shown that soil-inhabiting Crenarchaeota are associated with the roots of higher plants (Simon et al., 2000) and can be enriched on tomato root extracts (Simon et al., 2005) . Similarly, marine Crenarchaeota in deep sea-water samples from the North Atlantic were able to assimilate amino acids (Teira et al., 2006) . Collectively, these results indicate that mesophilic Crenarchaeota, for example Group I.1c in forest soils, may play an important role in carbon metabolism. Future research will show whether they do this, act as ammonia oxidizers, or express other phenotypes that allow their survival in forest soils.
